The effect of rising atmospheric concentration of carbon dioxide [CO 2 ] on the reproductive development of soybean (Glycine max. Merr) has not been evaluated under open-air field conditions. Soybeans grown under Free-Air CO 2 Enrichment (FACE) exhibit warmer canopies due to decreased latent heat loss because of decreased stomatal conductance. According to development models based on accumulated thermal time, or growing degree days (°Cd), increased canopy temperature should accelerate development. The SoyFACE research facility (Champaign, Illinois, USA) was used to test the hypothesis that development is accelerated in soybean when grown in [CO 2 ] elevated to 548 mmol mol 21 . Canopy temperature was measured continuously with infrared thermometry, and used in turn to calculate GDD. Opposite to expectation, elevated [CO 2 ], while increasing canopy temperature, delayed reproductive development by up to 3 days (P <0.05). Soybean grown in elevated [CO 2 ] required ;49°Cd more GDD (P <0.05) to complete full bloom stage (R2) and ;52°Cd more GDD (P <0.05) to complete the beginning seed (R5) stage, but needed ;46°Cd fewer GDD (P <0.05) to complete seed filling (R6). Soybeans grown in elevated [CO 2 ] produced significantly more nodes (P <0.01) on the main stem than those grown under current [CO 2 ]. This may explain the delay in completion of reproductive development and final maturation of the crop under elevated [CO 2 ]. These results show a direct effect of rising [CO 2 ] on plant development that will affect both projections of grain supply and may be significant to other species including those in natural communities.
Introduction
Rising atmospheric [CO 2 ] is arguably the most certain aspect of global atmospheric change and is expected to reach 550 lmol mol
À1
, about double pre-industrial levels, within this century (IPCC, 2007) . Decreased stomatal conductance (g s ) is one of the most universal plant responses to elevated [CO 2 ] . Decreased g s reduces transpiration, thereby decreasing latent heat loss, which results in warmer leaves and plant canopies, even when ambient air temperature is unchanged. Grown under open-air CO 2 enrichment at c. 550 lmol mol
, Bernacchi et al. (2006) showed that leaf CO 2 uptake rate (A) was increased on average by 24%, while g s decreased by 16%. Bernacchi et al. (2007) showed for the same crop, by remote infrared thermometry, that the average temperature of a soybean canopy was increased by 0.2°C in elevated [CO 2 ] over the complete growing season, with most of this increase during the daylight hours. In the absence of photoperiodic effects, crop development can often be reliably predicted by cumulative temperature, commonly described by growing degree days (GDD) with units of°Cd. For a single day, GDD is the difference between the average temperature (T avg ) and the base temperature (T b ), where T b is the minimum temperature at which growth and development of the given species or cultivar can occur. If the solution is negative, then GDD for that day is set to zero. GDD is accumulated across consecutive days of the growing season, as defined below:
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The increase in temperature that follows from decreased stomatal conductance would therefore be expected to increase the rate of accumulation of GDD and, in turn, accelerate development, bringing forward the timing of critical developmental stages, such as flowering or seed-filling. The literature on the observed effects of atmospheric [CO 2 ] on soybean reproductive development is ambiguous (Springer and Ward, 2007) . Prior studies have shown delayed development (Rogers et al., 1984; Ellis et al., 1995) , no response (Cooper and Brun, 1967; Nakamoto et al., 2004) , and accelerated development (Heinemann et al., 2006) ; however, canopy temperature changes due to decreased transpiration are strongly dependent on atmospheric coupling, which is disrupted in any enclosure (McLeod and Long, 1999) . Accordingly, observed changes in development may be more an artefact of chamber design rather than an effect which will actually occur in naturally coupled fully open-air conditions. For example, in a wellstirred chamber, atmosphere-canopy coupling might eliminate any warming due to decreased transpiration in elevated [CO 2 ], while poor coupling could exaggerate the effect of decreased transpiration. The effect in the undisturbed field crop situation remains uncertain. Franzaring et al. (2008) showed recently that, as anticipated in a Free-Air CO 2 Enrichment (FACE) experiment, development of a summer oilseed crop Brassica napus was accelerated by elevation of [CO 2 ]. Is this a general phenomenon for seed crops?
Soybean (Glycine max. Merr) is the fourth most important crop globally in terms of world grain production and the second most important crop in the USA. The maizesoybean crop rotation covers about 62 Mha, making it arguably the largest single ecosystem type in the 48 contiguous states (Morgan et al., 2005) . As an inbred crop grown on the relatively uniform fields of the Midwest, soybean provides a system where small effects of elevated [CO 2 ] may be detected statistically (Morgan et al., 2006) . The SoyFACE (Soybean FACE) facility (Morgan et al., 2005; Long et al., 2006) provided an unrivalled opportunity to examine the effect of elevated [CO 2 ] on soybean development under fully open-air conditions. Due to its agronomic importance, a detailed method for scoring phenological stages of soybean has been established (Fehr and Caviness, 1977) , which has well-defined markers defining vegetative and reproductive stages of development (Table 1) . These descriptions were developed to be objective and precise thereby avoiding ambiguity between different persons recording plants in the field (Fehr and Caviness, 1977; Ritchie et al., 1997) . The major developmental stages include vegetative growth, flowering, pod-development, seed filling, and senescence (Table 1 ). This method is used here to test the hypothesis that elevated [CO 2 ] accelerates development.
Materials and methods

SoyFACE research facility
The study was conducted at the SoyFACE research facility (40°03#21.3## N, 88°12#3.4## W, 228 m elevation). The SoyFACE research site is situated within a 32 ha field at the University of Illinois Urbana Champaign South Farms. The soil series at this site is Drummer-Flanagan (fine-silty, mixed, mesic Typic Endoaquoll), which is very deep and formed from loess and silt parent material deposited on glacial till and outwash plains. Soybean (Glycine max L. Merr. cv. Pioneer 93B15) was planted at 0.38 m row spacing with approximately 450 000 plants ha À1 , in annual rotation with corn (Zea mays), each occupying one-half of the field. Cultivation and rotation practices followed typical contemporary Illinois agricultural practices Rogers et al., 2004) . Third-node Three nodes on the main stem with fully developed leaves beginning with the unifoliate nodes V(n) nth node n number of nodes on the main steam with fully developed leaves R1
Beginning bloom One open flower at any node on the main stem R2
Full bloom Open flower at one of the two uppermost nodes on the main stem with a fully developed leaf R3
Beginning pod Pod 5 mm (3/16 inch)long at one of the four uppermost nodes on the main stem with a fully developed leaf R4 Full pod Pod 2 cm (3/4 inch) long at one of the four uppermost nodes on the main stem with a fully developed leaf R5
Beginning seed Seed 3 mm (1/8 inch) long in a pod at one of the four uppermost nodes on the main stem with a fully developed leaf R6
Full seed Pod containing a green seed that fills the pod cavity at one of the four uppermost nodes on the main stem with a fully developed leaf R7
Beginning maturity One normal pod on the main stem that has reached its mature pod colour R8
Full maturity 95% of the pods that have reached their mature pod colour
The SoyFACE research facility consisted of four experimental blocks, each containing four 20 m width octagonal plots, nested within the 16 ha planted with soybean. ). These treatment plots were arranged in a randomized complete block design (n¼4) to control for topographic and soil variation across the field. All treatment plots were separated by at least 100 m, which has been demonstrated to be sufficient to prevent cross-contamination of atmospheric treatment among plots (Nagy et al., 1992; Lewin et al., 2002) . The CO 2 fumigation was based on methods previously described (Miglietta et al., 2001) . Briefly, each treatment plot was defined by the area contained within a segmentedoctagon of fumigation pipes; control plots were similarly defined, but without release of CO 2 from the pipes. In treatment rings, compressed CO 2 was injected from fumigation pipes at supersonic velocity into the wind, so entraining the surrounding air in a turbulent motion. Fumigation pipes were adjusted weekly to maintain them approximately 10 cm above the top of the crop canopy throughout the growing season. An anemometer and wind direction vane (12005; RM Young, Traverse City, MI) were mounted 2 m above the ground in the centre of each plot. These instruments were coupled with an infrared CO 2 analyser (PP Systems, Hitchin, UK) and a proportional integral derivative algorithm for a computer feedback control system, which calculated the rate and location of gas release necessary to maintain targeted atmospheric-enrichment of treatment plots. This system maintained the enriched atmospheric [CO 2 ] within 20% of the set point 95%, 87%, and 93% in 2002 87%, and 93% in , 2003 87%, and 93% in , and 2004 .
Measurement of soybean development
Four plants in each plot were chosen at random and marked at the beginning of each of the three years, so they could be identified and revisited throughout the growing season. Plants were scored once every 2-3 d according to the staging procedures outlined by Fehr and Caviness (1977) as seen in Table 1 . For each plant, the GDD that had accumulated when a given stage was achieved was recorded. The mean GDD required for the plants within a block to reach a given stage was then calculated.
Growing degree days
Daily thermal time was estimated according to equation 1 using a base temperature (T b ) of 10°C (Zhang et al., 1995) and the average daily temperature (T avg ) calculated from the 10 min measurements of canopy surface temperature. These measurements were collected in each plot using infrared thermometers (IRT; IRT-P, Apogee Instruments, Inc., Logan, UT, USA) which were calibrated between each growing season according to the method of Triggs et al. (2004) , as described previously (Bernacchi et al., 2007) . Measurements were collected at 10 s intervals and averaged over 10 min. Growing degree days spent in any given developmental stage was calculated as the difference between the GDD accumulated at the onset and completion of a given stage.
Statistical analysis
The SoyFACE research facility is a randomized complete block design with four blocks (n¼4). The chronological days (DOY) and GDD (°Cd) accumulated by the onset of any developmental stage, and the GDD spent in a given stage were considered to be the response variables. A split-plot, mixed model, analysis of variance was used to determine differences between treatments. Carbon dioxide treatment was considered to be the whole-plot factor, and developmental stage the sub-plot factor; these and their interactions were considered fixed elements. Contrasts were evaluated for each developmental stage. Years and blocks nested within years were considered to be random elements. To avoid the possibility of a Type II error, given a replication of four, significance was determined at a¼0.1. The SAS statistical analysis software (SAS 9.1. SAS Institute Inc., Cary, NC, USA) was used to evaluate differences between treatments.
Results
Degree days
The three years of the study represent typical growing conditions for the region, excepting an unusually intense and defoliating hailstorm in Elevated CO 2 delays plant development | 2947 had accumulated sufficient GDD following emergence to advance development by one full day, i.e. the accumulated GDD in elevated [CO 2 ] by DOY 195 was equal to that accumulated in the ambient treatment by DOY 196. By DOY 240 this advance had reached two days and by DOY 259 three days (Fig. 1A) . In 2002, a one day advance was achieved at 217 DOY, but not until DOY 270 in 2003. The average GDD accumulated in the control [CO 2 ] plots during each growing seasons is shown in Fig. 1B .
Vegetative development
During all three years, soybeans grown in elevated atmospheric [CO 2 ] formed significantly more nodes (P <0.01) on the main stem than those grown under current atmospheric conditions (Fig. 2) . This difference was consistent across all reproductive stages (P <0.001); however, this difference was greatest at completion of pod development (R4; Fig. 2 ). Fewer GDD were required in elevated [CO 2 ] to form a new node, than in current ambient [CO 2 ] (P <0.05). For example, in 2002, 16 nodes were formed in elevated [CO 2 ] when a GDD of 962°Cd had accumulated, compared with 1040°Cd in the control (Fig. 2) . Averaged across the three years, the elevated [CO 2 ] plants produced 1.05 more mainstem nodes.
Reproductive development
Opposite to our expectations and despite accumulating more GDD, elevated atmospheric [CO 2 ] significantly (P <0.05) delayed, rather than advanced reproductive development across all three years. Using 2002 as an example, control plants are seen to enter each reproductive stage, from R3 onwards, earlier than in those grown in elevated [CO 2 ] (Fig.  3) . On average, soybeans grown in elevated [CO 2 ] required an additional 44°Cd to reach a given reproductive stage than controls. This delayed senescence with marginal significance (R7; P <0.1) and therefore, the time at which the crop could be harvested by three days, when averaged across the growing seasons (Fig. 4) . There was a marked difference in elevation of canopy temperature due to elevated [CO 2 (Fig. 4) . The delay in reproductive development was significant (P <0.05) by the beginning of pod-filling (R3) when averaged over all three years (Fig. 4) . When the timing of each developmental stage in elevated [CO 2 ] is predicted from the accumulated GDD required to reach that stage in the controls, using the additional GDD accumulated at elevated [CO 2 ], reproductive development should be accelerated by 1-2 d, in contrast to the observed delay (Fig. 4) .
The GDD spent in a given reproductive stage differed between treatments for several stages. Results for all three years are summarized in Fig. 5 . Soybean grown in elevated [CO 2 ] required 49°Cd more GDD (P <0.001) to complete full bloom (R2) and 52°Cd more GDD (P <0.05) to complete the beginning seed (R5) stage. By contrast, soybean grown in elevated [CO 2 ] needed 46°Cd fewer GDD (P <0.05) to complete seed filling (R6).
Discussion
Our original hypothesis that elevated [CO 2 ] will accelerate development is rejected. By contrast, development is significantly delayed. To the best of our knowledge, this is the first study to examine the effects of elevated [CO 2 ] on soybean reproductive development under fully open-air conditions. While an overall delay in development was the observed response, this hides a more complex effect on progression through different stages. Some stages were, in fact, accelerated under elevated [CO 2 ] but this was more than offset by the deceleration of other stages (Fig. 5) .
Previously, phenological development of soybean, in common with the major temperate crops, has been described as a function of accumulated thermal time (GDD). According to this approach, elevated [CO 2 ] should accelerate development via the increased leaf temperature, and, in turn, increased the rate of accumulation of GDD resulting from decreased transpiration, as illustrated in Fig. 4 . Here, the predicted Table 1. values are based on the day of year that plants grown in elevated [CO 2 ] had acquired the same GDD as plants grown under ambient conditions at the onset of each of the reproductive stages. The difference between the predicted onset dates and the observed onset dates illustrate the error that would result from ignoring an independent and opposite effect of elevated [CO 2 ]. In 2003, and in contrast to the other two years, measured canopy temperature was hardly affected by elevated [CO 2 ] yet development was delayed as in the other years (Fig. 4) . This adds further evidence of a developmental response to elevated [CO 2 ], which is independent of canopy temperature.
The most significantly affected development stages were the timing of full bloom (R2), beginning seed (R5), and seed-filling (R6) stages. The full bloom and beginning seed stages were both longer in plants grown in elevated [CO 2 ]. This may be due to the increased number of nodes on the main stem of plants grown in elevated [CO 2 ], since formation of an additional floral node could extend the duration of these stages. By contrast to these stages, seed filling (R6) is actually shortened in plants grown in elevated [CO 2 ]. Both effects might be explained by additional assimilate formed under elevated [CO 2 ] Bernacchi et al., 2006) , which might promote the initiation of the additional nodes and also accelerate the rate of grain filling once R5 is complete. This may, in part, explain why the proportion of biomass partitioned to seed is decreased (Morgan et al., 2005) . Despite accelerated progression through seed filling (R6), overall development in soybean plants grown in elevated [CO 2 ] is delayed when compared with those grown under current ambient conditions. This finding is further evidence of the importance of testing expectations about the effects of elevated [CO 2 ] on crops and natural vegetation under open-air field conditions. It also shows the need to examine the major crops individually, given that accelerated rather than delayed development was observed in oilseed rape (Franzaring et al., 2008) . However, two separate FACE experiments showed that autumnal senescence in trees was significantly delayed by elevated [CO 2 ] (Taylor et al., 2008) . Previously, a number of unexpected differences have emerged between chamber and open-air CO 2 elevation experiments with soybeans. For example, the CO 2 -dependent yield increase was significantly lower than found in enclosure studies Ainsworth et al., 2008) and insect herbivore fecundity was increased in contrast to an expected decrease (Hamilton et al., 2005; Schroeder et al., 2006) . This study adds another unexpected effect, delayed maturation, in plants grown in elevated [CO 2 ] in the open air. This difference may be unique to soybean or may be a more Table 1 . The day is the average of the four replicate plots. Asterisks show where the elevated [CO 2 ] plants are significantly later than the plants grown at current ambient: (1) * P <0.05, (2) ** P <0.01, (3) *** P <0.001. Based on the cumulative growing degree days (GDD) required for the plants grown in ambient [CO 2 ] to enter a given reproductive stage, it was possible to project (black symbols) when plants grown under elevated [CO 2 ] should have entered that stage given the measured increase in canopy temperature.
Elevated CO 2 delays plant development | 2949 general phenomenon. This is difficult to evaluate, given the paucity of studies that have examined the impacts of season-long elevation of [CO 2 ] under open-air conditions.
From a practical viewpoint, the delay in maturation shows a potential agronomic risk of rising [CO 2 ]. Soybean cultivars are selected for a location, such that they will mature before the first frost of the year. The CO 2 induced delay in maturation exposes the crop to a higher risk of frost, which would damage seeds that have not entered dormancy, and, in turn, lower yield and quality. This could be overcome by selecting a cultivar with an earlier maturation date, but this could also incur some yield loss relative to longer season cultivars.
In conclusion, the reproductive development of soybean and possibly other vegetation will be directly affected by rising atmospheric [CO 2 ]. To project development of crops and vegetation in general, under global change, it is not only necessary to quantify the effects of climate but also the direct effects of rising [CO 2 ].
